An analytical model for the spatial correlations and noise across an abrupt n ϩ n junction is presented. The model is able to treat the junction as a whole in strongly inhomogeneous conditions self-consistently, by taking into account both the drift and diffusion contributions to the current. It is shown that within the analytical approach, the voltage noise across the junction can be decomposed into the sample and the contact contributions and the term representing sample-contact cross correlation. It is argued that the proposed analytical method is quite universal and could be effectively applied to different devices, operating under strongly inhomogeneous distributions of the electric field and charge concentration. © 1997 American Institute of Physics.
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Modern microelectronics is currently evolving towards a deep miniaturization of semiconductor devices. Due to down-sizing of the devices their noise characteristics and, consequently, their performance become more affected by the spatial inhomogeneities presented near the contacts. To improve the device performance and clarify the role of the contacts, the noise modeling of the total system: sample ϩcontacts, is an important task for current researches. 1 Due to strong space-inhomogeneous conditions such modeling is based mainly on numerical procedures, like the Monte Carlo method 2 or the hydrodynamic approach. 3 In addition to the numerical techniques, which take into account a large variety of microscopic processes and provide accurate current-voltage and noise characteristics, a simple analytical analysis of local contributions to the net noise of different space regions, including contacts, is highly desirable. The spatial analysis of the local noise distribution is usually carried out by using the impedance field method. 4 Under constant-current operation the fluctuations of the voltage drop V between two probing terminals can be expressed through the local impedance field ٌZ as
where A is the cross-sectional area of the sample, the kernel K(x) is the noise source at point x, and the integration is taken between the terminals separated by a distance L. When the noise is mainly due to velocity fluctuations of carriers ͑diffusion noise͒ and by neglecting the nonlocal heating of carriers and the spatial correlations in the noise sources, one can take
, where q is the electronic charge, n(x) is the local density of carriers, and D(x) is the local diffusion coefficient. Hence, the noise problem can be solved, whenever the impedance field ٌZ(x) is known.
The problem is that the analytical formulas for the impedance field ٌZ are known only for the case when the current flow is provided by the drift term, and the diffusion current is neglected. [4] [5] [6] This approximation is relevant for ''long'' devices, for which the main contribution to the noise comes from the bulk, and the contribution from the spaceinhomogeneous near-contact regions ͑where the diffusion current cannot be omitted͒ is small. Therefore, up to now, the problem of the contact influence on the noise characteristics has been avoided. In this letter we present the analytical model for the noise under strongly inhomogeneous conditions taking into account both the drift and diffusion contributions to the current. To illustrate the implementation of the model we consider the n ϩ n homojunction, for which the spatial distributions of the electric field and the carrier concentration are strongly nonuniform. As a result we obtain an analytical expression for the impedance field of the n ϩ n junction as a whole. This allows us to subdivide the net noise across the junction into three main ingredients: the bulk and the contact contributions, and the cross-correlation term. Therefore, using our approach the noise of the sample can be ''decoupled'' from the contact noise, with the effect of the contact being remained in the cross-correlation term. The physical origin of that term is the long-range interaction induced by the space charge near the contact.
Consider an n ϩ n semiconductor junction in which the high-doped region n ϩ extends from Ϫϱ to 0, and the lowdoped region n extends from 0 to ϩϱ, so that the doping profile is
with being the Heaviside function. We are interested in modeling the lowfrequency plateau of the noise spectrum, corresponding to the time scale much longer than the dielectric relaxation time. Due to the frequency range chosen, the displacement current can be neglected. In the drift-diffusion approximation, combining the current and Poisson equations, the electron transport in standard notations is governed by
where I is the current in the external circuit, and the electron density and electric-field profiles are continuous through the junction.
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Now we apply the transfer impedance method 4 and find the linear response of the field ␦E x to a small perturbation of the current ␦I x at slice x around its stationary value. One then gets L ␦E x ϭϪ␦I x /(⑀A), with L being the linear second-order differential operator with space-dependent coefficients, obtained after a linearization of Eq. ͑2͒. By taking into account that ␦E(ϩ0)ϭ␦E(Ϫ0)ϵ␦E 0 and that the contributions to the noise in the near-interface region coming from infinity is screened out, we find
͑3͒
where g͑x, ͒ϭ⌿
are the Green functions of the operator L with zero boundary conditions at the interface. We have denoted ⌿() ϭ⑀AD()W(), with W(x)ϭexp͕Ϫ͐ 0 x ͓v(E)/D(E)͔dxЈ͖ being the Wronskian, and (x) and u(x) two auxiliary functions, satisfying L (x)ϭ0 and L u(x)ϭ0. 7 For the first auxiliary function we find (x)ϭdE/dx, since it coincides with the translational ͑Goldstone͒ mode in the case of an unbounded sample. The second function can be found from the first one as u(x)ϭ(x)͐ 0 x ͓W()/ 2 ()͔d. Similar expressions hold for the tilde functions of the n ϩ region. From the continuity of charge through the interface we find the stochastic value for the fluctuating field ␦E 0 in the 
Substituting ͑3͒ and ͑5͒ we get ␦Vϭ͐ Ϫϱ ϱ ٌZ jun (x)␦I x dx, with the impedance field of the junction given through
which contains the impedance fields for the ''separate'' n and n ϩ regions ٌZ(x)ϭ͐ 0 ϱ g(xЈ,x)dxЈ, ٌZ(x)ϭ͐ Ϫϱ 0 g(xЈ,
x)dxЈ, and the additional terms ٌZ c (x)ϭ␥Q(x)/ ͓(0)⌿ (x)͔, ٌZ c (x)ϭ␥Q(x)/͓(0)⌿(x)͔. The quantity Qϭ͐ Ϫϱ 0 (x)dx/(0)ϩ͐ 0 ϱ (x)dx/(0) is related to the space charge of the dipole created across the junction.
The impedance field is the basic transport concept, through which both the impedance: Z jun ϭٌ͐Z jun (x)dx, and the noise ͓see ͑1͔͒ are easily expressed. For the latter one gets
In ͑7͒ we note the presence of the terms ٌZ c (x) and ٌZ c (x) in addition to the standard contributions coming from the n and n ϩ parts. Precisely, the presence of such terms is a consequence of the cross-correlation between the contact n ϩ and the bulk n. This fact can be seen by noting that these additional contributions can be all expressed in terms of the correlations involving the fluctuating electric field at the contact ␦E 0 as follows
is equivalent to ͑7͒ which can be easily checked after substituting ␦E x , ␦E 0 from ͑3͒ and ͑5͒ and using for the current noise source in the bandwidth ⌬ f the expression
To illustrate the importance of the cross-correlation effects let us first consider the equilibrium case Iϭ0. We take
v(E)ϭE, Dϭk B T/q, K(x)ϭ4q
2 Dn(x), with ϭvЈ(E)͉ Eϭ0 being the low-field ohmic mobility, and the same expressions for the tilde functions. The density and field profiles for the typical doping ratio N D Ϫ /N D ϩ ϭ0.01 are presented in Fig. 1 . It is seen that the dipole layer near the interface produces a spike of the electric field, which extends over several Debye lengths L D ϩ into the n ϩ region and sev-
. From these profiles the noise quantities are computed. For the spatial correlator ͗␦E x ␦E 0 ͘, describing the cross correlation through the junction, we note that ͑see Fig. 1͒: ͑i͒ the correlations are important over the distances of 
shown by dashes. Inset: Cross-correlations represented by the term s 2 (x) ϩs 3 (x) for different currents: IϭϪ2;0;2 in units of
several Debye lengths L D Ϫ inside the sample, and their tailing is even deeper than the tailing of the field spike and the electron density; ͑ii͒ surprisingly, the maximum of the correlation occurs not at xϭ0, but it is displaced to xϷ0.2L D Ϫ ; ͑iii͒ At large distances xӷL D Ϫ the correlation decays expo-
as it should for a homogeneous sample. 8 In order to analyse the relative contribution to the net noise of the different parts of ͑7͒, we split up the local contribution s V (x)ϭٌ͓Z jun (x)͔ 2 K(x) into three parts:
. Their spatial profiles calculated from the equilibrium stationary solutions of Fig. 1 are shown in Fig. 2 . Note that in the vicinity of the junction the main contribution to s V (x) comes from the cross terms s 2 (x) and s 3 (x), which are related to the cross correlations involving ␦E 0 . It is clear that for the active length of the n region ϳL D Ϫ the cross-correlation term could be comparable with the contribution from the bulk. In addition, we note, that at equilibrium all the expressions are simplified:
, which is the Nyquist theorem, since R(x) is the local resistance. It should be pointed out that in recovering the Nyquist theorem all contributions, including the cross correlations have been necessary.
The results for the cross-correlation term s 2 (x)ϩs 3 (x) for nonzero currents under the ohmic regime are shown in the inset of Fig. 1 . It is seen that for a positive current ͑for-ward bias, injection of carriers͒ the region over which the correlations are important becomes more extended. For a negative current ͑reverse bias, exclusion of carriers͒ we observe an opposite behavior: reduction of the correlation extension with an enhancing of its amplitude near the interface.
It should be emphasized that in deriving ͑7͒ we have not used any a priori assumption for the stationary electric field profile E(x), except for its flat shape at infinity. Hence, the analytical results, obtained for the low-frequency voltage noise ͑7͒ are valid for different transport regimes ͑ohmic conduction, space-charge-limited conduction, hot-carrier regime, 9 etc.͒ and cover the entire current-voltage characteristic. The noise problem for the n ϩ n homojunction is completely defined by S V given by Eq. ͑7͒ in terms of the auxiliary functions and W, which can be found once the stationary distributions E(x), n(x) and the noise sources K(x) are known. Summarizing, in this work we have presented the analytical procedure to calculate the spatial distribution of the local contributions to the noise in highly inhomogeneous systems. The present technique is quite universal and can be incorporated into any device model based on the driftdiffusion approach and its modifications. 10 In addition, we have demonstrated that in near-submicron devices with active lengths of the order of the inhomogeneous layers present near contacts ͑several Debye lengths͒, the bulk-contact cross correlations cannot be neglected at all, since they represent the main contribution to the local noise spectral density in these regions. Our work, then, offers new perspectives on what concerns the spatial analysis of the noise and the contact-sample cross correlations in the space-charge-limited devices, like the n ϩ nn ϩ diode, Schottky barrier diode, etc.
